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The axial force imparted from a magnetically expanding, current-free, radiofrequency plasma is
directly measured. For an argon gas flow rate of 25 sccm and an effective rf input power of
800 W, a maximum force of 6 mN is obtained; 3 mN of which is transmitted via the
expanding magnetic field. The measured forces are reasonably compared with a simple fluid model
associated with the measured electron pressure. The model suggests that the total force is the sum
of an electron pressure inside the source and a Lorentz force due to the electron diamagnetic drift
current and the applied radial magnetic field. It is shown that the Lorentz force is greatest near the
magnetic nozzle surface where the radial pressure gradient is largest. VC 2012 American Institute of
Physics. [http://dx.doi.org/10.1063/1.4747701]
I. INTRODUCTION
The momentum delivered by charged particles in plas-
mas has been an important topic associated with astrophysi-
cal jets,1 magnetospheric physics,2 thermonuclear fusion
devices,3 and electric propulsion systems.4 It is essential to
understand and model the gain and loss mechanisms of the
momentum for clarifying the acceleration and confinement
processes of charged particles in naturally occurring and in
laboratory plasmas. Application of plasma acceleration in di-
vergent magnetic fields to electric propulsion devices is also
of interest, and these processes have been investigated in
current-driven plasmas such as applied-field magneto-
plasma-dynamic arcjet plasmas.5,6 In this type of system, the
Lorentz force due to the discharge current and applied or
self-induced magnetic field increases the plasma momentum
and the resultant thrust. Recently, the utilization of electrode-
less, current-free, magnetically expanding plasmas, e.g., heli-
con sources, is being considered as a propulsion device.7–9 A
number of experiments and particle-in-cell simulations of
current-free magnetically expanding plasmas have shown
that supersonic ion acceleration occurs simultaneously with
the formation of an electric double layer (DL).10–13
In the current-free DLs, studies of the electron energy
distribution or probability functions have shown that only
the high energy electron population can overcome the poten-
tial drop of the DLs and neutralize the accelerated group of
ions.14–17 Hence, it is hypothesised that current-free propul-
sion system does not require a neutralizer as the electron and
ion fluxes emitted from the thruster are equal. On the other
hand, theoretical studies involving the spontaneous forma-
tion of the DLs in magnetically expanding plasmas have
shown that no additional net momentum is delivered by the
DL.18,19 Instead, one- and two-dimensional theories have
shown enhancement of the thrust from an expanding plasma
flow cross-section or an expanding magnetic field.18,20 These
theoretical works are now being extended to the study of
plasma detachment from the magnetic field lines.21 Direct
measurement of the thrust from magnetically expanding or
geometrically expanding rf plasmas is presently under inves-
tigation.22–26 Some experiments have demonstrated that the
plasma pressure force, which is mainly from the plasma elec-
trons inside the source tube, is converted into ion momentum
through a DL or ambipolar electric field22,24 as predicted the-
oretically.18 More recently, direct measurement of the axial
force component solely resulting from the expanding field
has been briefly reported and compared with a simple fluid
model.25 It has also been shown that the magnetic nozzle can
be treated as the physical wall of the mechanical nozzle.27
In this paper, the detailed measurement and analysis of the
axial force from the magnetically expanding plasma are pre-
sented. Here the axial force onto the magnetic field is identified
as a Lorentz force due to the azimuthal electron diamagnetic
current and the radial component of the applied magnetic field.
In the model, the radial ion inertia is neglected and a 1D-
approximated magnetic nozzle is incorporated for simplifying
the analysis. These subjects still remain further problems.
II. EXPERIMENTAL SETUP
Experiments are performed in the Irukandji vacuum
chamber at the Australian National University, which is
100 cm in diameter and 140 cm long, and is pumped down to
a base pressure of about 106 Torr with a turbomolecular/ro-
tary pumping system. The base pressure is measured with an
ionization gauge connected to the side port of the chamber.
The rf plasma source immersed in Irukandji and shown in
Fig. 1(a) is presently used. The source has a 25 cm long, 9 cm
inner diameter Pyrex glass tube with a glass back wall. An
expanding magnetic field is applied by using a combination
of two axial solenoids located at z¼ –5.5 cm (downstream
solenoid current, IBdown) and –18.5 cm (upstream solenoid
current, IBup), where z¼ 0 is defined as the open exit of the
source tube. Two types of magnetic field configurations corre-
sponding to (IBup; IBdown)¼ (6 A, 6 A), and (0 A, 6 A) area)Electronic mail: kazunori@iwate-u.ac.jp.
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used in the present experiments, where the calculated axial
profile of Bz, and x-z contour plots of Bz and Br are shown in
Fig. 2, together with the magnetic field lines [solid lines in
Figs. 2(b)–2(f)]. These magnetic field configurations are
labelled as “A mode” [Figs. 2(a)–2(c)] and “B mode” [Figs.
2(d)–2(f)], respectively. Argon gas (at 25 sccm) is fed into the
source tube via a small ceramic tube which is mechanically
isolated from the source tube and passes through a small cen-
ter hole in the glass back wall. The gas pressure in the vacuum
chamber is about 1 mTorr, which is measured using a bara-
tron gauge connected to the side port of the chamber. An
11 cm inner diameter, 2-turn rf loop antenna, mechanically
isolated from the plasma source tube, is located at z¼ –12 cm,
and powered from a 13.56MHz rf power generator (the maxi-
mum rf output power is about 900W) through an impedance
matching circuit.28 When in operation, the plasma produced
inside the source tube flows downstream along the expanding
magnetic field.
The measurement of the thrust force imparted by the
plasma is performed with a grounded thrust balance, which
consists of four aluminum support columns [not shown in Fig.
1(a)] and a double pendulum system. The pendulums are
made of 0.1mm thick stainless steel flexible plates. The dis-
placement of the pendulum, which is moved by the force
imparted from the plasma, is measured using a high-resolution
rf-shielded laser displacement sensor (resolution, 0:1 lm;
sampling rate, 312.5Hz) mounted onto the aluminum support
structure of the balance. The solenoids of the rf plasma source
are attached to the thrust balance, which is immersed within
the Irukandji vacuum chamber. The laser system is initially
operated with the flowing argon gas and no plasma for a pe-
riod of about 20 s; the rf power and argon plasma are subse-
quently turned on for 10 s, and after the plasma is turned off,
additional data are taken for another 30 s. Here no displace-
ment is detected when the argon gas is introduced; hence the
force by the neutral gas is negligible in the present experimen-
tal configuration. It is observed that the thrust balance moves
toward the negative z direction during operation, and returns
to the initial position when the plasma is turned off. Because
the forces applied to the balance result in an oscillation of the
pendulum with a frequency of about 1 Hz, which is deter-
mined by the total weight of the source system and length of
the pendulum arms, the measured data are filtered to remove
the oscillating component. The displacement due to the force
originating from the plasma corresponds to the difference
between the positions measured during the “plasma off” and
“plasma on” periods.
The axial force imparted by the plasma can be calcu-
lated from the measured displacement using a calibration
coefficient relating the displacement to the force, which is
obtained as follows. A calibration basket is tied to the back
of the source tube with a thin horizontal thread and a second
thread attached to the support structure of the thrust balance
[see Fig. 1(a)]. Before pumping down the chamber, a small
mass of 0.32 g is put on the basket in 20 s intervals, and the
equilibrium positions are measured with the laser displace-
ment sensor. As the horizontal force by the small mass
pieces can be calculated from simple mechanics, the meas-
ured displacements for the calculated forces can be obtained.
Typical results of the displacement as a function of the
applied force are plotted in Fig. 1(b) as open circles together
with the fitted line derived by a least-squares fit. The line
gives a calibration coefficient of 0:5mN=lm.
The thrust is equivalent to the force imparted to the
whole plasma source structure consisting of the glass tube
and the expanding magnetic field provided by the solenoids.
Only the force imparted to these components, which are con-
nected to the pendulum thrust balance, can be transmitted to
the balance and the resulting displacement measured by the
laser sensor as described above. In the present experiment,
the measurements of the force are performed when both the
glass source tube and solenoids are attached to the balance,
and also when only the solenoids are attached. These two
distinct measurement configurations allow for direct meas-
urements of the total force Ttotal resulting from both the
source tube and magnetic field, and of the force TB resulting
solely from the magnetic field.
The electron temperature Te and the local plasma poten-
tial Vp are measured with a radially and axially movable
Langmuir probe (LP), assuming a Maxwellian electron
energy distribution. The local plasma density (ni ’ ne ¼ n)
is estimated from the ion saturation current of the LP, to-
gether with Vp and Te, and using Sheridan’s sheath expan-
sion model.29 For all of the measurements, the rf antenna
current is simultaneously measured with a Rogowski coil,
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FIG. 1. (a) Schematic diagram of the experimental setup. (b) Typical thrust
balance calibration curve relating the applied force to the displacement
measured by the laser displacement sensor.
083509-2 Takahashi et al. Phys. Plasmas 19, 083509 (2012)
and the effective rf power absorbed into the plasma is esti-
mated using the measured antenna vacuum resistance of
0.71X as in Ref. 30. The rf power transfer efficiency is typi-
cally in the range of 68%-78% for the A mode, and 79%-
88% for the B mode.
III. EXPERIMENTAL RESULTS
A. Axial force measurements
The measured total force Ttotal and the force TB resulting
solely from the expanding magnetic field are plotted as a
function of the effective rf power for the A and B modes in
Fig. 3, as open squares and open circles, respectively. The
total force Ttotal increases with the effective rf power, and
reaches a maximum of about 2mN and 6mN for the A and
B modes, respectively. Although the plasma density and
electron temperature measured inside the source tube for
these modes are similar for the same effective rf power
(described in Fig. 6), a significant difference in Ttotal is
observed. The force TB resulting from the magnetic field
increases from about 0.6mN for the A mode, to about 3mN
for the B mode; indicating that the larger value of Ttotal
measured for the B mode results from the larger magnetic
force component TB. The experimental results in Fig. 3
clearly demonstrate the direct measurement of the axial force
onto the magnetic field in current-free magnetically expand-
ing plasmas, and the subsequent contribution of the force TB
to the total force Ttotal. The origin of the force TB will be
derived in the theoretical section below and the experimental
results will be compared with the theoretical results.
B. Plasma parameter measurements
Measurements of the basic plasma properties are per-
formed using the LP for both the A and B modes. Figure 4(a)
shows the normalized electron pressure (pe ¼ npkBTe)
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FIG. 2. Axial profile of the magnetic
field Bz and x-z profiles of Bz and Br for
((a)-(c)) A and ((d)-(f)) B modes. The
magnetic field lines are shown by the
solid lines in the x-z profiles. The color
bars show the absolute values of the
magnetic field strength in Gauss.
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FIG. 3. Directly measured forces Ttotal (open squares) and TB (open circles)
as a function of the effective rf power for the (a) A mode and (b) B mode,
respectively. The forces Ts (filled triangles), TB (filled circles), and Ttotal
(filled squares) calculated using Eq. (12) are also plotted together with the
fitted curves (dotted, dashed, and solid lines) added as visual guide.
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derived from the plasma density np and the electron tempera-
ture Te measured along the z axis, where kB is the Boltzmann
constant and the measured effective powers absorbed into
the plasma are 470W and 540W for the A and B modes,
respectively. The axial positions z0 having the maximum
electron pressure along the z axis are z0 ¼ 17 and –7 cm
for the A and B modes, respectively. The strong plasma pres-
sure drop of 2–3 orders of magnitude is observed near the
source exit (z  0 cm) for the A mode, while a gradual
plasma pressure decrease downstream of the source exit is
seen for the B mode. It should be mentioned that the pressure
change along the z axis mainly originates from the axially
decreasing density, since the electron temperature remains
fairly constant.
The local plasma potential estimated from the I-V char-
acteristics of the LP is plotted in Fig. 4(b) as open triangles
and squares for the A and B modes, respectively; it is found
that a localized potential drop over several centimeters is
formed near the source exit for the A mode, while the grad-
ual decrease of the plasma potential is observed for the B
mode. In steady state plasmas having the particle source on
the high-potential side, the low-energy electrons are confined
electrostatically in the upstream plasma and only the high-
energy electrons can overcome the potential drop and flow
into the downstream side. Hence, the observed potential
structures in Fig. 4(b) are consistent with the pressure pro-
files shown in Fig. 4(a).
The detailed radial measurements are performed at the
axial position z0 having the maximum electron pressure for
both modes. The normalized electron pressure derived from
np and Te measured along the r axis is plotted in Fig. 5 as
open triangles and open circles for the A and B modes,
respectively. These radial profiles are required for modelling
of the two-dimensional plasma pressure profiles, used for the
calculations in the two-dimensional thrust theory described
below.
The absolute values of the electron temperature Te and
the plasma density np are also important parameters to calcu-
late the thrust, the Te and np at ðr; zÞ ¼ ð0; z0Þ for the A and
B modes are plotted in Fig. 6 as a function of the effective rf
power, where the measurements are done at the positions
having the maximum electron pressure. It is found that both
the Te and np inside the source tube for the A and B modes
are similar for the same effective rf power and used for the
calculations in the thrust theory.
IV. THEORYAND MODELING
A. Thrust derivation
In this section, the thrust from the magnetically expand-
ing plasmas is theoretically derived from a fluid model. The
momentum equation for a charged particle species j in a
steady-state collisionless plasma is
mjr  ðnjvjvjÞ ¼ qjnjðEþ vj  BÞ  rpj; (1)
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FIG. 4. Axial profiles of the (a) normalized electron pressure penð0; zÞ ¼
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FIG. 5. Radial profiles of the normalized electron pressure measured at z0
for the A mode (open triangles, 470W effective rf power, z0 ¼ 17 cm) and
the B mode (open circles, 540W effective rf power, z0 ¼ 7 cm). The
dashed and solid lines are the fitting curves corresponding to Eqs. (15) and
(16), respectively.
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083509-4 Takahashi et al. Phys. Plasmas 19, 083509 (2012)
where mj; nj; vj; qj; pj are the mass, density, velocity, charge,
and pressure of the particle species j. E and B are the electric-
field and magnetic-field vectors. When the continuity equation
r  ðnjvjÞ ¼ 0 is satisfied, the left-hand side (lhs) in Eq. (1)
corresponds to the inertial term mjnjðvj  rÞvj. Assuming
quasi-neutrality (ne  ni ¼ n), negligible electron inertia, iso-
tropic electron temperature, and cold ions (Ti  0), Eq. (1) for
electrons and ions can, respectively, be written as
enðEþ ve  BÞ ¼ rpe; (2)
mir  ðnviviÞ ¼ enðEþ vi  BÞ; (3)
where pe ¼ nkBTe is the electron pressure. When we consider
an axisymmetric system, the radial and axial components of Eqs.
(2) and (3) in cylindrical coordinates (r, h, z) can be written as
enðEr þ vhBzÞ ¼ @pe
@r
; (4)
enðEz  vhBrÞ ¼ @pe
@z
; (5)
enðEr þ uhBzÞ ¼ 0; (6)
enðEz  uhBrÞ ¼ 1
r
@
@r
ðrmnuruzÞ þ @
@z
ðmnu2z Þ; (7)
where ðEr;Eh;EzÞ; ðBr;Bh;BzÞ; ðvr; vh; vzÞ; ður; uh; uzÞ, and n
are the electric field, magnetic field, electron velocity, ion veloc-
ity, and plasma density, respectively, which are functions of
(r, z). The radial component of the ion inertia is neglected in Eq.
(6) as the ions are mainly accelerated along the z axis in this
type of plasma system whether by the DL or by the ambipolar
axial electric fields.9,31 It is well known that this term includes
an effect of plasma ion rotation, which would mainly be pro-
duced by an E B drift in collisionless plasmas; proper treat-
ment of this term still remains as a theoretical problem. A net
axial momentum flux s per unit cross section can be given by
s ¼ mnu2z þ pe; (8)
where the thrust is given by the integration of s in a cross
section. By eliminating Ez combining Eqs. (5) and (7), s can
be expressed as
@s
@z
¼ enðvh  uhÞBr  1
r
@
@r
ðrmnuruzÞ; (9)
where the first term of the right-hand side (rhs) is the Lorentz
force due to the net azimuthal current and the radial compo-
nent of the magnetic field. The electron and ion azimuthal
current can be obtained from Eqs. (4) and (6) as
envh ¼ en Er
Bz
 1
Bz
@pe
@r
; (10)
enuh ¼ en Er
Bz
: (11)
As seen in Eqs. (10) and (11), the azimuthal electron and ion
currents originate from the electron E B drift, the electron
diamagnetic drift, and the ion E B drift, respectively.
Hence the net current can be expressed by only the electron
diamagnetic current as the E B drift cannot drive a net cur-
rent in the present model. When the plasma expands with an
axially varying plasma radius rpðzÞ and has zero density at
r  rpðzÞ, the total axial force TtotalðzÞ is given by the volume
integration of Eq. (9) as
TtotalðzÞ ¼ Ts  2p
ðz
z0
ðrpðzÞ
0
r
Br
Bz
@pe
@r
drdz
2p
ðz
z0
ðrpðzÞ
0
@
@r
ðrmnuruzÞdrdz; (12)
where Ts ¼ 2p
Ð rs
0
rpeðr; z0Þdr corresponds to the thrust due
to the maximum electron pressure18,24 and to the constant of
integration along z when integrating from z0, where rs is the
source tube radius. This term is conserved along z in the ab-
sence of a magnetic field even for collisional plasmas as sug-
gested by Fruchtman,32 because the electron pressure is
converted into the ion momentum through the DL or ambi-
polar electric fields, and total momentum of the ions and
neutrals is conserved even if the momentum transfer occurs
through ion-neutral charge exchange collision. For simplic-
ity, the contributions from the magnetic field and the radial
source wall upstream of z0 are not included in Eq. (12).
The integration from z0 to the source exit in the third term
of the rhs in Eq. (12) presents an axial momentum delivered
by the ions flowing into the radial source wall; it vanishes
when the plasma density is assumed to be zero at the plasma
edge. This assumption would be fairly valid for the thrust anal-
ysis because ions colliding with the radial wall are mostly axi-
ally slower ions; hence the momentum loss to the radial wall
would be small.32 As previously demonstrated, the integration
from the source exit (z ¼ 0) to the downstream side in the third
term of the rhs in Eq. (12) also vanishes as there is no mechan-
ical wall into which the axial momentum of ions can be lost.24
The second term of the rhs in Eq. (12) shows the axial
force imparted from the Lorentz force and corresponds to the
measured force TB onto the magnetic field in Fig. 3. It results
from the azimuthal current ½B1z ð@pe=@rÞ of the electron dia-
magnetic drift and the radial component Br of the applied
magnetic field. Hence, the present theory expresses the gain
(loss) of the net axial force for negative (positive) radial gra-
dient of the electron pressure in an expanding magnetic field
in addition to the electron pressure term Ts inside the source
tube. Recently, it has mathematically been demonstrated that
the force due to the electron diamagnetic current is equiva-
lent to the physical nozzle whose cross section expands
along z.27 The physical nozzle converts the radial pressure
force into an axial force to the nozzle wall.27 In this sense,
the role of the magnetic nozzle would also be a conversion
of radial pressure into axial pressure resulting in thrust, since
the electron diamagnetic drift is driven by the radial gradient
of the electron pressure as indicated in Eq. (10). The advant-
age of the magnetic nozzle would be that this can be equiva-
lent to the semi-infinite physical nozzle, although the issue
of plasma detachment from the magnetic field lines is still
under investigation.
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B. Plasma modeling
To theoretically calculate the momentum gain given by
Eq. (9), and the thrust given by Eq. (12), modelling of the
two-dimensional electron pressure peðr; zÞ and of the two-
dimensional magnetic field ðBr;BzÞ shown in Fig. 2 is incor-
porated with an one-dimensional approximation of the mag-
netic nozzle as below. The plasma radius rpðzÞ along z is
assumed to be determined by the radial source wall inside
the source tube (z  0), and by the expanding magnetic field
downstream of the source exit (z  0) as33
rpðzÞ ¼
rs for z  0
rs
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Bzð0; 0Þ=Bzð0; zÞ
p
for z > 0:
(
(13)
The two-dimensional r-z profile of the electron pressure, nor-
malized by the maximum pressure peð0; z0Þ, which can be
experimentally obtained from the electron temperature and
plasma density measurements in Fig. 6, is modelled as
peðr; zÞ
peð0; z0Þ ¼ penð0; zÞf ðr; zÞ; (14)
where penð0; zÞ is the normalized electron pressure along z
and corresponds to Fig. 4(a), and f(r, z) is a function giving a
radial profile of the normalized electron pressure at z. To fit
the function f ðr; z0Þ to the measured radial profile of the
electron pressure at z0 shown in Fig. 5, f(r, z) for r  rpðzÞ
for the A and B modes is chosen as
f ðr; zÞ ¼ 1 r
rpðzÞ
 a1
; (15)
f ðr; zÞ ¼ a2 1 r
rpðzÞ
 a1 a3
þ ð1 a2Þ 1 r
rpðzÞ
 a4 a5
;
(16)
respectively, and f(r, z) is assumed to be zero for r > rpðzÞ.
a1-a5 are fitting parameters of the electron pressure profiles
along r at z0 for the A and B modes, respectively, and are
assumed to be conserved along z. The fitting curves of the
measured electron pressure along r for the A and B modes are
plotted in Fig. 5 as dashed and solid lines, respectively, where
the values of a1-a5 are a1 ¼ 5:37 for the A mode and
a1-a5 ¼ 2:07, 3.72, 2.16, 2.89, and 4.83 for the B mode. As is
seen in Fig. 5, the fitting functions approximate the measured
profiles well. By using Eqs. (13)–(16) and the normalized
electron pressure measured along z, the two-dimensional r-z
profiles of the logarithm of the normalized electron pressure
log½peðr; zÞ=peð0; z0Þ are calculated and shown in Fig. 7 for
both modes. Subsequently, the theoretical momentum gain
profile @s=@z and the thrust Ts; TB, and Ttotal can be calcu-
lated from Eqs. (9)–(12), and from the data in Figs. 2, 6, and
7, and the results are shown in Figs. 8 and 3.
C. Comparison between theory and experiments
The calculated results are discussed and compared to the
directly measured forces here. Figures 8(a) and 8(b) show
the r-z profiles of the calculated momentum gain normalized
by the maximum electron pressure, i.e., ð@s=@zÞ=peð0; z0Þ
for the A and B modes, respectively. Here the momentum
gain is calculated in the range from z0 having the maximum
pressure, which is used for the integration in Eq. (12). For
both cases, the momentum gain occurs near the plasma edge,
because the pressure gradient causing the electron diamag-
netic drift is predominant there. Further, the momentum gain
downstream of the source for the B mode appears to be
much greater than that for the A mode, as the electron pres-
sure in the expanding field region downstream of the source
exit for the B mode is greater than that for the A mode,
where the electron diamagnetic drift current and the resultant
Lorentz force is proportional to the absolute value of the
electron pressure.
Equation (12) is equivalent to the volume integration of
@s=@z, where the integration along z is performed from z0 to
the most downstream position of the electron pressure mea-
surement (z¼ 40 cm) for both modes. The calculated TB; Ts,
and Ttotal are plotted in Fig. 3 as filled circles, filled triangles,
and filled squares, respectively, where the dashed, dotted,
and solid lines are fitted curves added as a visual guide. The
measured forces TB (open circles) and Ttotal (open squares)
are in fairly good agreement with the calculated thrusts
(filled circles and filled squares) for the two cases tested in
the present experiments. This demonstrates that the axial
force corresponding to the thrust can be enhanced by the
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FIG. 7. r-z profiles of the logarithm of the normalized electron pressure
modeled by Eq. (14) for (a) A and (b) B modes. The pressure outside the
plasma radius rp is assumed to be zero.
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presence of the expanding magnetic field, as a result of the
momentum gain due to the Lorentz force, which is produced
by the electron diamagnetic current ½B1z ð@pe=@rÞ and the
radial component Br of the applied field.
Since the downstream electron pressure for mode B is
larger than that for mode A, the contribution from the elec-
tron diamagnetic current for mode B is greater and gives the
larger TB and hence the larger resultant Ttotal as measured in
Fig. 3. However, the discrepancy of about 20% between the
theoretical and measured Ttotal and TB is observed for the B
mode, which could result from the following assumptions. In
the present simple fluid model, the radial component of the
ion inertial term and the axial force delivered onto the radial
source wall are neglected. The calculation by Ahedo and
Merino has suggested that the azimuthal current due to the
radial ion inertial term decreases the thrust,20 and according
to their calculation, it is considered that the present model
estimates an upper limit to the thrust component TB. Actually
the calculated TB for the B mode is overestimated when com-
pared with the measured value of TB, thus, consistent with
this view. As the radial ion inertial term includes the radial
and azimuthal ion velocities, measurements of these velocity
components are required to include the effect of this term.
Also, the two-dimensional profile of the electron pressure
used is simplified. In addition, the axial integration range
from z0 to z¼ 40 cm in Eq. (12) could relate to the issue of
plasma detachment from the magnetic field, which remains
an open area of research.
V. SUMMARY
Direct measurements of the axial thrust force imparted
from a magnetically expanding current-free plasma operat-
ing in two modes have been performed and compared with a
two-dimensional fluid theory. The thrust increase due to the
electron diamagnetic current interacting with the radial mag-
netic field is clearly demonstrated by a direct measurement
of the force component transmitted via the expanding field.
The main contribution to this force is shown to occur near
the plasma edge where the largest radial pressure gradient
and the resultant electron diamagnetic current are present.
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